development is characterized by two phases of variability. Variation is not at random but determined by criteria set by genetic information. Development starts with the phase of primary variability, during which variation in motor behavior is not geared to external conditions. At function-specific ages secondary variability starts, during which motor performance can be adapted to specific situations. In both forms, of variability, selection on the basis of afferent information plays a significant role. From the NGST point of view, children with pre-or perinatally acquired brain damage, such as children with cerebral palsy and part of the children with developmental coordination disorder, suffer from stereotyped motor behavior, produced by a limited repertoire or primary (sub)cortical neuronal networks. These children also have problems in selecting the most efficient neuronal activity, due to deficits in the processing of sensory information. Therefore, NGST suggests INTRODUCTION During the last century, knowledge on motor control rapidly increased, an expansion of knowledge which was associated with changes in the concepts on the organization of motor behavior. Motor behavior is no longer explained in terms of reflex mechanisms (Sherrington, 1906;  Magnus & De Kleijn, 1912) . On the contrary, motility is nowadays regarded as the net result of the activity of complex spinal or brainstem machineries, which are subtly modulated by segmental afferent information and ingeniously controlled by supraspinal networks (Schomburg, 1990; Grillner et al., 1995) . For The activity of the networks, which are usually thought to be located in the spinal cord or brain stem, is controlled from supraspinal areas via descending motor pathways (Grillner et al., 1995) . The supraspinal activity itself is also organized in networks, large-scale ones, in which cortical areas are functionally connected through direct recursive interaction or through intermediary cortical or subcortical (striatal, cerebellar) structures (Bressler, 1995; Hikosaka et al., 1999 , Liu et al., 1999 . The supraspinal motor networks are the circuitries which expanded in particular during phylogeny and which determine, to a large extent, human motor ontogeny.
Research in the area of human motor development is characterized by an ongoing debate on the role of endogenous and exogenous factors. In the present paper, it is argued that this 'nature-nurture' controversy could be eliminated by the application of a new perspective, i.e., the perspective of the Neuronal Group Selection Theory (NGST). The paper presents an outline of NGST and describes the significance of NGST for understanding normal and abnormal motor development. The paper concludes with suggestions for therapeutical interventions in children who acquired a brain lesion at early agesuggestions that are based on the function-specific plasticity windows indicated by NGST.
THEORIES ON MOTOR DEVELOPMENT
Neural-Maturationist Theories. These theories suggest that motor development is based on a gradual unfolding of predetermined patterns in the central nervous system and an increasing cortical control over lower reflexes (McGraw, 1943; Gesell & Amatruda, 1947; Peiper, 1963 (Thelen, 1995 (Thelen, 1985 (Thelen, , 1995 Thelen et al., 1993; Ulrich, 1997 (McGraw, 1935 (McGraw, , 1943 Edelman, 1989 Edelman, , 1993 Spores & Edelman, 1993 (Fig. 1) . The cells and the crudely specified connectivity of the primary repertoires are determined by evolution. In other words, genetic information plays a substantial role in the primary determination of brain development. For instance, it is thought that the area-specific characteristics of the neo-cortex is partially based on properties laid down at the time of neurogenesis (O'Leary, 1989) .
Another indication that genetic information contributes significantly to brain development is the fact that at least 50% of tissue-specific human genes are expressed in the brain (Evans, 1998 (Changeux & Danchin 1976; Rakic, 1988; O'Leary, 1989; Changeux, 1997 (Verhage et al., 2000) .
When the primary neuronal groups have been formed, development proceeds with selection on the basis of afferent information produced by behavior and experience (Fig. 1) . The selection process is thought to be mediated by changes in synaptic strength of intra-and inter-group connections, in which the topology of the cells (Nelson et al., 1993) and the presence or absence of coincident electrical activity in pre-and postsynaptic neurons plays a role (Hebb, 1949; Changeux & Danchin, 1976) . When the selection has just been accomplished, behavioral variation is slightly reduced. Soon, however, abundant variation returns because the organism and its populations of neurons is constantly exposed to a multitude of experiences. The experiential afferent information induces modifications in the strength of the synaptic connections within and between the neuronal groups, resulting in the variable secondary repertoire (Fig. 1) . The changed and changing connectivity within the secondary repertoire allows for a situation-specific selection of neuronal groups. Thus, the secondary neuronal repertoires and their associated selection mechanisms form the basis of mature variable behavior, which can be adapted to environmental constraints (Edelman & Tononi, 2000 (,I,) with selection of the neuronal group, which produces the most effective behavior applicable in a wide variation of conditions. For instance, returning to the example of postural control, during the development of postural adjustments, selection occurs of the adjustment in which all direction specific muscles are activated (Hadders-Algra et al. 1996a,b; Fig. 2). Next (,), with increasing age variation returns, giving rise to the secondary neural repertoire. The variation of the secondary neural repertoire can best be observed in conditions lacking tight constraints. In the absence of specific constraints, the nervous systems shows that it has access to many motor roads leading to Rome. This means that easy, unconstrained conditions allow for variation of motor behavior, also in adulthood. Yet, in conditions with constraints (lower part of the figure), a specific solution produced by the activity of a specific neuronal group is selected, the solution being geared to the specifics of the situation.
NGST AND NORMAL MOTOR DEVELOPMENT
Translation of the concept of NGST to motor development implies that motor development is characterized by two phases of variation: primary and secondary variability (Hadders-Algra, 2000a).
Primary variability
Motor development starts during early fetal life with the phase of primary variability, a phase which continues during infancy. Detailed studies on the motor behavior of fetuses and newborn infants have shown that motility at early age is characterized by profuse variation, such as variation in movement trajectories and variation in temporal and quantitative aspects of motility (Minkowski, 1938;  De Vries et al., 1982; Forssberg, 1985; Vles et al., 1989; Hadders-Algra et al., 1992; Konishi et al., 1994) . These variations in motor activity are not neatly tuned to environmental conditions, but the variations themselves constitute a fundamental developmental phenomenon. It is conceivable that the abundant variation in motility is brought about by activity of the epigenetically determined, but rather grossly specified, supraspinal primary neural repertoires. The system of primary repertoires presumably explores by means of self-generated activity, and consequently also by means of self-generated afferent information, all motor possibilities available within the neurobiological and anthropometric constraints set by evolution.
The properties of primary variability are well illustrated by the general movements (GMs). GMs are the most frequently used movement pattern of the human fetus and newborn infant. They consist of a series of gross movements of variable speed and amplitude, which involve all parts of the body but lack a distinctive sequencing of the participating body parts (Prechtl & Nolte, 1984; Prechtl, 1990 (Hadders-Algra, 2000a) . GMs are present till about 4 months of post-term age. From that age onwards, they are gradually replaced by goal-directed movements. In terms of neural networks, the gradual change from general movement activity into goal-directed behavior could mean that the widely distributed (sub)cortical networks controlling GM-activity are flexibly rearranged by means of changed synaptic connectivity into multiple smaller networks (cf. Simmers et al., 1995) . In other words, the large (sub)cortical GM-network is cut into various smaller networks. These smaller (sub)cortical networks form the primary neuronal repertoires for the control of specific motor behaviors, such as goal-directed motility of the arms and the legs, and postural control. Due to the dissolution of the primary neuronal network of GMs, the development of GMs does not include a transition from a primary neuronal repertoire into a secondary repertoire. This underscores the unique position of GMs in human motor development and supports the notion that the (sub)cortical networks involved in the control of GM-activity form the neural building blocks for later motor skills.
All other forms of motor behavior manifest both phases of variability. They start with the phase of primary variability, during which motor activity is variable and not strictly tuned to Cioni et al. (1993) environmental conditions. Primary variability occurs during fetal life and infancy, when brain development is characterized by an overproduction and subsequent pruning of neural elements (e.g., Huttenlocher et al., 1982 , Rakic et al., 1986 ). The rich variation in motor behavior has been documented for the first phases of reaching and grasping behavior (Von Hofsten, 1991; Thelen et al., 1993; Fallang et al., 2000) , crawling (Largo et al., 1985; Adolph et al., 1998) , locomotor motility (Statham & Murray, 1971; Forssberg, 1985) , and postural control , Hadders-Algra et al., 1996a Van der Fits et al., 1999b) .
The neural systems dedicated to a specific function explore during the phase of primary variability all motor possibilities available for that specific function. The exploration utilizes ubiquitous information and results in so-called 'experienceexpectant' information storage (Greenough et al., 1987) . The trial and error exploration is associated with a continuous processing of self-generated afferent information, on the basis of which the most efficient movement patterns are selected. The time of occurrence of the phase of selection and the duration of the transition from the phase of primary to secondary variability is functionspecific (Table 1) . After the transient phase of selection and reduced variation, the phase of secondary or adaptive variability starts (Touwen, 1993; Hadders-Algra et al., 1998) .
Transition from primary to secondary variability The transition from primary into secondary variability can be illustrated with data on the development of postural adjustments. We performed a series of studies on postural adjustments in children who sat on a movable platform. We found that the early phases of the development of postural adjustments are characterized by extensive variation, be it within the limits set by the primary neuronal repertoire, i.e., the epigenetically determined boundaries of direction specificity (Hadders-Algra et al., 1996a). Direction specificity denotes the mechanism to primarily activate the muscles on the dorsal side of the body when the body sways forward, and to primarily activate the ventral muscles when the body is swaying in the opposite direction The selection induces a transient phase with reduced variation. In the development of postural adjustments, the phase of reduced variation lasts relatively long, i.e., from 9 months until about 21/2 years of age. The protracted presence of decreased variability in the development of postural control is presumably related to the difficulty of the task of balancing the body during the first phases of standing and walking (Hadders-Algra et al., 1998). In the development of the majority of motor functions, the phase of reduced variation is short so short that the phase of primary variability imperceptibly passes into the phase of secondary variability (Adolph et al., 1998) .
Secondary variability
When the secondary variability is formed, the brain is characterized by extensive synapse rearrangement, the net result of synapse formation and synapse elimination (Purves, 1994) . In addition, processing times become increasingly shorter, which in part can be attributed to ongoing myelination (Jemigan et al., 1991; Mtiller et al., 1994) . During this phase, a variable movement repertoire is created with an efficient motor solution for each specific situation. The development of situation-specific motor strategies is guided by active trial-and-error learning, based on experiences which are unique to the individual (Greenough et al., 1987 : 'experiencedependent' information storage). Between the ages of 2 and 3 years, the secondary motor variation starts to bloom, but it lasts until adolescence before the motor repertoire is mature. In the mature situation, subjects can adapt movements exactly and efficiently to task specific conditions or, in the absence of tight constraints, generate a repertoire of motor solutions for a single motor task (e.g., Diener et al., 1983; Van der Fits et al., 1998; Forssberg et al., 1999b) .
NGST AND MOTOR DEVELOPMENT AFTER BRAIN LESION AT EARLY AGE
Motor disorders after brain lesion at early age
The outcome after brain damage acquired in the pre-, peri-, or neonatal period is heterogeneous. Some children recover completely, whereas others suffer from severe handicapping conditions (Costello et al., 1988; Ford et al., 1989 (Volpe, 1995) . In preterm infants, it has been reported that frontally located lesions are associated with better outcomes than lesions located parietally or occipitally (Fawer et al., 1987; Fazzi et al., 1994) .
Clinically, two groups of motor disorders are attributed to a lesion of the brain at early age" cerebraEDl palsy and clumsiness. Cerebral palsy (CP) is an umbrella term covering a group of nonprogressive, but often changing, motor-impairment syndromes secondary to lesions or anomalies of the brain arising in the early stages of development (Mutch et al., 1992) . This means that CPby definitionis caused by damage of the brain at early age, even though the abnormalities of the brain cannot always be visualized with imaging techniques. CP affects about in 500 live born children (Hagberg et al., 1996) (Fig. 3) Movement complexity is exemplified by the movement of the left leg on the third row: the movement is not a simple flexion-extension movement, but a flexion-extension combined with a simultaneous abduction at the hip and an endorotation of the foot. The infant in the lower panel (B) is born prematurely at a gestational age of 28 weeks. She has definitely abnormal GMs. The deviant character of the movements is expressed by the lack of variation: the frames have a high degree of similarity. The frames give the false impression that the infant did not move at all, but she moved equally much as infant A. (Figure published It is common clinical knowledge that reduced variation continues to be the hallmark of motor behavior of infants with CP: they show little variation in spontaneous posture and motility and in various infantile reactions and responses (Ingram, 1966; Bobath, 1966; Touwen, 1978) . Also at older age, the motor behavior of children with CP is characterized by stereotypy (Bobath, 1966; Aicardi & Bax, 1998) . For instance, the typical posture of the most affected arm in children with spastic hemiplegia is a posture with the shoulder in adduction, flexion, and endorotation, the elbow in flexion and pronation, and the wrist and fingers in (semi)flexion (Ingrain, 1966) . Recently, these clinical observations were confirmed in experimental studies. Studies, in which the postural abilities of children with borderline, mild, and moderate forms of CP were assessed with the help of perturbation experiments, revealed which the repertoire of directionspecific postural adjustments in these children was significantly reduced ; HaddersAlgra et al., 1999a). Likewise, a study on the spatial-temporal organization of spontaneous leg movements during the first half year of life demonstrated that the kicking movements of infants with CP, due to lesions of the periventricular white matter, were characterized by reduced variation (Vaal et al., in press).
It is conceivable that children with borderline to moderate forms of CP not only suffer from a limited motor repertoire but also from deficiencies in the processes of selection. Selection can be hampered by impairments in the processing of proprioceptive, tactile, or visual information, dysfunctions which are frequently encountered in children with CP (Nashner et al., 1983; Yekutiel et al., 1994; Cioni et al., 1996) . Recent data on the development of postural adjustments during reaching in infants with CP corroborate this suggestion.
Healthy infants select the most efficient postural adjustments to compensate for the postural perturbation of a reaching movement between the ages of 12 and 18 months, whereas in children with CP, moderate variation in postural adjustments during reaching persists beyond the age of 18 months. This suggests that the selection of the most efficient postural adjustment has not occurred by that age (Van der Fits et al., 1999c; Hadders-Algra et al., 1999b) .
Presumably, children with borderline to moderate forms of CP do reach the phase of secondary variability, be it with some delay. It is likely that also at the level of the secondary repertoires, the impaired sensory processing interferes with the process of selection, i.e., the selection of the best motor solution for specific motor tasks. This would imply that children with borderline to moderate forms of CP have difficulties in adapting their motor behavior accurately to specific conditions because of the double problem of a hampered selection out of a limited repertoire (Fig.  4) . Recent data confirm this suggestion. Children with mild to moderate forms of CP have problems in adjusting the forces of their fingers during object manipulation (Eliasson et al., 1992 (Eliasson et al., , 1995 Gordon & Duff, 1999; Gordon et al., 1999; Eliasson & Gordon, 2000) . They also have difficulties in adapting their postural adjustments to specific conditions, such as the velocity of a reaching movement or the degree of pelvis-tilt while sitting (Hadders-Algra et al., 1999a,b) . An inappropriate selection of the best motor solution induces variation in the fine-tuning of motor behavior: variations in the timing of motor events and in the scaling of the forces employed (Eliasson et al., 1992 (Eliasson et al., , 1995 Valvano & Newell, 1998; Gordon & Duff, 1999; Gordon et al., 1999; Eliasson & Gordon, 2000) . Recent studies support the idea that deficits in sensory processing contribute to the variation in the scaling of motor output of children with mild to moderate forms of CP. The studies showed that practice, implying repetition of self-generated sensory input (Valvano & Newell, 1998; Gordon & Duff, 1999; Gordon et al., 1999) , and augmentation of 1 ). The lower grey area denotes a lesion of the brain at early age. The lesion of the brain resulted in a reduction of the primary repertoire of the filled clusters; only four of the originally nine participating clusters were le (cf, Fig. 1 ). NGST suggests that at early age intervention should focus on augmentation of the primary repertoires. This is illustrated at the upper row of the diagram. Plastic changes induced a functional change of three neighboring clusters. This is indicated by the three clusters, which were non-filled in Fig. 1 , but are depicted here with filled circles with double margins. Thus, the reorganization resulted in a restoration of a part of the lost variation.
NGST suggests that at older ages, the focus of intervention should be on the provision of ample opportunities for active practice, as a richness in practice might form a compensation for the impaired selection processes (point of focus indicated by (-k) (Kolb & Whishaw, 1989; Kolb, 1995) . For instance, plasticity and recovery are relatively large when the lesion is small and when the lesion occurs after the completion of neuronal migration during the period when the 2The neurologist Jackson divided neurological symptoms into two categories: negative ones, which denote a deficit of normal behavior due to destruction of neural tissue, and positive ones, which indicate exaggerated or distorted forms of behavior due to action of neurons released from their normal integrative relationship with other neural structures (Walshe, 1961 ).
processes of dendritic outgrowth and synapse formation are highly active (Kolb, 1995 (Kolb, 1995; Kujala et al., 2000) . An exception to this general rule is the recent finding that midline frontal cortex lesions in neonatal rats can be followed by the regeneration of cortical tissue, the degree of regeneration being related to the degree of functional recovery (Kolb et al., 1998) . But usually, plasticity implies a reprogramming of spared neural tissue, i.e., a reorganization of the remaining cortical-subcortical networks and their descending projections (Carr et al., 1993; Cao et al., 1994; Chu et al., 2000) . In terms of NGST, plasticity could mean that the neurons neighboring a lesionedand thus reduced primary neuronal repertoire change function and get incorporated into the affected repertoire (Fig.  4) . This results in a recovery of the lesioned function in the form of a less reduced primary repertoire. Yet, the price of this reorganization can be a moderate reduction of multiple primary neuronal repertoires, including those not directly affected by the lesion. A price, which clinically can be expressed by multiple dysfunctions and an overall drop in IQ (Vargha-Khadem et al., 1992; Kolb, 1995) .
Notwithstanding the possible costs of reorganization, the net results of plastic changes occurring after a lesion of the brain at early age are usually positive. From the NGST point of view, this could mean that early intervention after brain lesion should attempt to increase the primary repertoires. Presumably this could be achieved by providing the infant with variable experiences. Variation in motor experience could, for instance, be obtained by varying the infant's posture, as posture is the basis for motility (Massion, 1998 (Super, 1976; Zelazo et al., 1993) . Possibly, training is most effective when the infant indicates that a specific motor skill is in developmental focus (McGraw, 1935; Super, 1976) . It can be surmised that the process of selection in infants with deficits in the processing of sensory information on the basis of a brain lesion requires considerably more repetition of trial and error experiences than the selection in typically developing infants does.
In other words, infants with neurological dysfunction might benefit from ample opportunities to actively try developing motor skills.
In older children with borderline to moderate forms of CP, dysfunctions in the secondary variability are most prominent. NGST suggests that children with these types of dysfunctions will benefit from active practice, which will enhance the processes of selection and thereby the production of better adapted motor behavior. Indeed, experimental studies which evaluated the effect of training on specific motor skills in children with CP indicated that active experience improves motor function (Valvano & Newell, 1998; Gordon & Duff, 1999; Gordon et al., 1999 (Wolf et al., 1989; Taub et al., 1993) . In addition, it is important to realize that children with brain dysfunction need more practice than their non-affected peers. Therefore, it is essential to reinforce the child's motivation by creating an ecological, playful setting with positive feedback (Harter, Graves, 1995; Sims et al., 1996 Sims et al., ). 1978  
